͒ based on oxide ions and electrons above 500°C. Carbon deposition was successfully prevented when butane was used as the fuel below 800°C. The catalytic activities for hydrocarbon oxidation were high enough to promote the complete oxidation of butane during cell operation. These abilities provided an enhanced anode performance with increasing temperature from 600 to 750°C, and the resulting polarization resistance reached 1. Solid oxide fuel cells ͑SOFCs͒ can convert hydrocarbon fuels directly to electrical power with high efficiency, which provides a portable and economical system. 1,2 However, the most commonly used Ni/yttria-stabilized zirconia ͑YSZ͒ cermet anodes are not optimized for small-scale SOFC systems. Such a system must be regularly stopped and restarted for maintenance, which causes a serious volume change upon redox cycling of the Ni component. Moreover, these anodes are not well suited for use with hydrocarbon fuels because these promote their cracking. Recently, LaCrO 3 -based perovskite oxides have been considered alternative anodes.
Solid oxide fuel cells ͑SOFCs͒ can convert hydrocarbon fuels directly to electrical power with high efficiency, which provides a portable and economical system. 1, 2 However, the most commonly used Ni/yttria-stabilized zirconia ͑YSZ͒ cermet anodes are not optimized for small-scale SOFC systems. Such a system must be regularly stopped and restarted for maintenance, which causes a serious volume change upon redox cycling of the Ni component. Moreover, these anodes are not well suited for use with hydrocarbon fuels because these promote their cracking. Recently, LaCrO 3 -based perovskite oxides have been considered alternative anodes. [3] [4] [5] [6] [7] [8] These materials are p-type semiconductors in reducing atmospheres and can avoid carbon deposition successfully. Nonetheless, since the LaCrO 3 -based anodes are not as good electrocatalysts as the Ni/ YSZ-cermet anodes, the polarization resistances are large, especially at intermediate temperatures, unless catalysts such as Ni are doped into the B-site of LaCrO 3 .
In this study, we attempted to use doped Bi-based oxides as potential anode materials for small-scale SOFC systems. These materials are readily reduced in reducing atmospheres at elevated temperatures, 9, 10 which results in electronic conduction enough to provide the electrical path under fuel conditions. Many doped Bibased oxides also show high catalytic properties for hydrocarbon oxidation. 11 These abilities would offer suitable performance for operation on hydrocarbon fuels. A similar concept was proposed by Steele et area͒ were used as the electrolyte, the counter and reference electrodes, respectively. The preparation and treatment of the latter three materials were described in detail elsewhere. 14, 15 The anodes were synthesized as follows. The desired amounts of Bi 2 O 3 and M x O y (M ϭ Mo, W, Ba, Y, Yb, Gd, Er, Nb, V, Ta, and Pr͒ were mixed in ethanol with a mortar and a pestle and then heated in air at 800°C for 12 h. Here, the composition of each compound was controlled so as to show the highest ionic conductivity. 16 The compound was ground in terpineol using a planetary ball mill for 14 h. The slurry was painted as thinly as possible with a brush on one side ͑0.5 cm 2 area͒ of the GDC pellet and then sintered in air at 900°C for 4 h. A Au mesh ͑no. 100͒ and a Au wire were used as the electrical collector and output terminal, respectively.
Two gas chambers were set up by placing the obtained cell between two alumina tubes ͑9 mm i.d., 13 mm o.d.͒. Each chamber was sealed by a glass ring gasket at 800°C. The anode was supplied with dry methane, ethane, propane, and butane and wet hydrogen that was saturated with H 2 O vapor at room temperature. The flow rate of these gases was 30 mL min
Ϫ1
. The counter and reference electrodes were statically exposed to atmospheric air. The impedance spectrum between the working and reference electrodes at the open-circuit voltage was monitored by an impedance analyzer ͑So-lartron SI-1260͒ in the frequency range of 0.1 to 10 6 Hz. The separation of the ohmic and polarization losses during cell discharge was made by a current-pulse generator ͑Nikko Keisoku NCPG-101͒ with a digital oscilloscope ͑Yokogawa DL7480͒. The outlet gas from the anode chamber was analyzed on a dry basis, where it was impossible to measure the amount of steam, by on-line gas chromatography ͑Varian CP-2002͒. The analysis precision was Ϯ2% in material balance.
For analysis of the crystalline structure of the doped Bi-based oxides after reduction by hydrogen, the anode was exposed to a hydrogen feed at different temperatures for 2 h and then quenched to room temperature. X-ray diffraction ͑XRD͒ analysis was carried out using a diffractiometer ͑Rigaku Rotaflex͒. For measurement of ac conductivity of the doped Bi-based oxides, the sample was sintered in air at 900°C for 10 h. The conductivity measurement was made by a four-probe technique.
Results and Discussion
The impedance spectra of different doped Bi-based oxide anodes were measured with hydrogen as a typical fuel at 600°C Figure 3 shows the carbon balance between the inlet and outlet gases from the anode, which also includes the results for the cells with a Ni-GDC cermet anode ͑Ni-30 wt % GDC͒ and without an anode material ͑blank͒. While the carbon balance for the Ni-30 wt % GDC anode was by far smaller than that for the blank test above 600°C, the carbon balance for the Bi 2 O 3 -Ta 2 O 5 anode showed the excellent agreement with that for the blank test. After experiments, the Ni-30 wt % GDC anode was deposited by a large amount of carbon and was partially shattered by the formation of nickel carbide. In contrast, the 11 which remove the precursors for carbon formation.
The performance of the Bi 2 O 3 -Ta 2 O 5 anode was measured with butane as the fuel between 600 and 750°C ͑Fig. 4͒. The anodic overpotential decreased with increasing temperature, which reflects the high tolerance to carbon deposition, as described above. As a result, the polarization resistance approached 1.4 ⍀ cm 2 at 750°C. Although similar results were obtained with methane, ethane, and propane, the polarization resistance increased in order to butane Ͻ propane Ͻ ethane Ͻ methane: for instance, the resistances of butane, propane, ethane, and methane at 700°C were 2.1, 2.9, 3.6, and 6.0 ⍀ cm 2 , respectively. It seems that the Bi 2 O 3 -Ta 2 O 5 anode is suitable for use of higher hydrocarbons such as propane and butane.
To better understand the electrode reaction of the hydrocarbons at the Bi 2 O 3 -Ta 2 O 5 anode, the analysis of CO 2 and CO in the outlet gas from the anode was carried out with butane as the fuel at 700°C ͑Fig. 5͒. Trace amounts of CO 2 and CO were observed at opencircuit voltage, which indicates that the leak current owing to a mixed conduction was negligible. The dependences of the CO 2 and CO concentration on the current density were roughly linear, where the CO 2 concentration was much higher than the CO concentration at all the current densities. These results demonstrate that the total electrode reaction is the complete oxidation of butane. However, these results do not mean that this reaction proceeds in one step because the electrochemical oxidation of hydrocarbons is considerably complex. We finally note information regarding the stability of the Bi 2 O 3 -Ta 2 O 5 anode in reducing atmospheres. Bi metal has relatively high vapor pressures at elevated temperatures: for instance, the vapor pressure at 700°C is 7.88 ϫ 10 Ϫ3 Torr. To clarify the effect of this high vapor pressure on the stability of the Bi 2 O 3 -Ta 2 O 5 anode, the long-term stability of this anode was investigated in wet hydrogen at 700°C ͑Fig. 6͒. The cell voltage at 40 mA cm Ϫ2 decreased initially for 10 h, which was usually observed for this anode due to the failed contact of the Bi 2 O 3 -Ta 2 O 5 anode with the Au electrical collector. However, the cell voltage was then stable for at least 180 h. This means either that the vaporization of Bi metal is not significantly serious or that the electrical path in the anode is provided by n-type electronic conduction based on electron hopping between Bi 3ϩ and Bi 2ϩ . In conclusion, the present results showed that Bi 2 O 3 -Ta 2 O 5 would be a promising candidate for anodes in the direct hydrocarbon SOFCs. This was achieved by both the high mixed conductivity under fuel conditions and the catalytic properties enough to promote the complete oxidation of hydrocarbons. Furthermore, the Bi 2 O 3 -Ta 2 O 5 anode was stable to both fuel and air and could avoid carbon deposition. The optimization of the anode microstructure is needed to further enhance the position of Bi 2 O 3 -Ta 2 O 5 as the preferred anode for direct hydrocarbon SOFCs. 
